Ischemic heart disease (IHD) and heart failure (HF) are major causes of morbidity and mortality in the Western society. Advances in understanding the molecular pathology of these diseases, the evolution of vector technology, as well as defining the targets for therapeutic interventions has placed these conditions within the reach of gene-based therapy. One of the cornerstones of limiting the effectiveness of gene therapy is the establishment of clinically relevant methods of genetic transfer. Recently there have been advances in direct and transvascular gene delivery methods with the use of new technologies. Current research efforts in IHD are focused primarily on the stimulation of angiogenesis, modify the coronary vascular environment and improve endothelial function with localized gene-eluting catheters and stents. In contrast to standard IHD treatments, gene therapy in HF primarily targets inhibition of apoptosis, reduction in adverse remodeling and increase in contractility through global cardiomyocyte transduction for maximal efficacy. This article will review a variety of gene-transfer strategies in models of coronary artery disease and HF and discuss the relative success of these strategies in improving the efficiency of vector-mediated cardiac gene delivery.
INTRODUCTION
Gene therapies have demonstrated great potential for treating cardiovascular diseases in diverse animal models. Some of these experimental therapies are currently undergoing clinical evaluation. [1] [2] [3] Although this progress is exciting, the successful translation into clinical practice is hindered by the need for further improvements in the following key areas: vector platforms, delivery technology, documentation of clinical feasibility, and consistent safety and efficacy. 1 Specifically, there is an increased interest in developing gene therapeutics for the treatment of coronary vascular disease. Given that in the United States most cases of heart failure (HF) are due to coronary vascular disease, the gene therapeutics of interest should include therapeutic angiogenesis in the ischemic myocardium, prevention of post-angioplasty and in-stent restenosis, post-coronary bypass graft failure, and correction of the molecular mechanisms of cardiac deterioration. 2 Organ-targeted gene-delivery techniques are an essential component of gene therapy for cardiac diseases both to increase the cardiac specificity and to augment the dose delivered to the myocardium. Pioneering studies with cardiac gene therapy demonstrate the ability to express transgenes in the hearts of normal animals. More complex studies have advanced therapeutics to Phase III clinical studies. 3 This course (from bench to bedside) required more than two decades of research. The development of an appropriate vector and the design of the gene construct in murine and rodent species were the early focus of these efforts. Subsequently, critical problems with insufficient gene transfer were observed in early large animal studies. Thus it was evident that there was a significant gap in gene-delivery technology that-if not addressed-would be rate limiting for the advancement of the validated gene therapeutics. 4 To date, considering the entire universe of gene therapeutics, there is not a single gene therapy product that has been FDA-approved for clinical use in the United States. The majority of cardiac gene therapy clinical trials have reported largely negative results in terms of efficacy. It is believed that the disparity between the pre-clinical and clinical results is directly attributable to the very low to undetectable levels of therapeutic expression in myocytes. Therefore, achieving sufficient gene transfer ischemic heart disease (IHD) with a reliable and safe delivery method has been a major therapeutic obstacle that must be addressed. Certainly for HF gene therapy, a paracrine effect notwithstanding the predominant mechanism of action is therapeutic myocyte gene expression. Unfortunately, the inability to transfer the genome copies into a substantial percentage of cells diminishes any chance of achieving therapeutic efficacy. 5, 6 The conditions required for efficacious vector-mediated gene delivery, including both the selection of the route of vector administration and the dosing strategy, need to be optimized using quantitative methods derived from pharmacokinetic analysis. 7, 8 There are many published methods to transduce myocardium. All existing techniques of gene transfer can be classified by the site of injection, interventional approach and variations of cardiac circulation. 9 This article provides an overview of the most recent advancements in the development of cardiac gene-delivery technologies for ischemic heart disease (IHD) and HF. Emphasis is placed on the key clinical and technical parameters that continue to drive the demand for improving existing systems.
STRATEGIES FOR GENETIC MANIPULATION OF THE CARDIOVASCULAR SYSTEM
The primary goal of cardiac gene therapy is to restore and/or knock out the expression of a gene. This is required to correct an inherited or acquired defect that has been strongly correlated with disease prevalence. The most common gene-therapy strategy for coronary vascular disease involves the exogenous overexpression of engineered cDNA encoding a gene of interest. The fundamental aim here is to increase the activity of a gene whose endogenous function linked with a disease-specific phenotype has been disrupted. 10, 11 In this case, cDNA encoding the deficient gene is delivered to the nuclei of myocytes via a viral or non-viral vector, then the gene-directed product is expressed and interacts with a defined target mechanism. Such strategies have been implemented with a variety of genes. These strategies include proangiogenic and cytoprotective factors in animal models, as well as in patients with vascular or myocardial diseases. An alternative strategy involves the acute blockade of gene transcription, thus limiting or negating subsequent translation with short single-stranded antisense oligodeoxynucleotides, decoy oligodeoxynucleotides, and ribozymes. Despite the advancement of numerous and diverse therapeutic approaches at the target level, inefficient delivery to the targets remains the outstanding problem. A viable cardiac gene-therapy platform (including both the therapeutic itself and the delivery system) must have the following attributes: the ability (i) to transfer the therapeutic gene to the ischemic, peri-ischemic or nonischemic regions; (ii) allow for successful transduction of the targeted percentage of myocytes and the appropriate level of gene transfer (for example, copy-number amount) within the transfected cardiomyocytes; (iii) establish a predictable relationship between genome-copy transfer and the level of improvement in contractility; and (iv) determine whether regional gene expression is sufficient to treat IHD or whether a global distribution is required.
MYOCARDIAL GENE-DELIVERY TECHNIQUES
Ischemic heart disease Percutaneous coronary intervention and coronary artery bypass grafting are common treatments for patients with coronary artery disease (CAD) requiring revascularization. Despite the introduction of advanced novel drug-eluting stents and other device combination products, the failure rate of these procedures as a result of restenosis remains relatively high. It is estimated that over 30% of the patients with ischemic CAD cannot undergo coronary artery bypass grafting or percutaneous coronary intervention owing to suboptimal anatomy or the inability to perform complete revascularization. 6 CAD is a generalized disease and patients who would be candidates for therapeutic neovascularization present with other comorbidities such as hypercholesterolemia, diabetes, hypertension, smoking and dietary problems. Independent of these comorbidities, however, the primary manifestations need to be treated. These are typically local lesions such as atherosclerotic stenotic plaques, acute or chronic thrombosis with vascular occlusions, vessel restenosis and neointimal hyperplasia. As the CAD course consists of both local and systemic origin, it is necessary to treat it with a combined approach (that is, local lesions and globally) with various drugs and/or gene products. In general, gene therapy in IHD and HF has a common purpose, which consists of correcting the basic molecular mechanisms in coronary vessels and myocardium to reverse cardiac damage. The methods of gene delivery are almost similar, except for the widely used intracoronary wall delivery in CAD. Nevertheless, it is necessary to note that in CAD (with no HF) the primary goals are: (i) prevention of the vessel's restenosis and graft atherosclerosis; (ii) inhibition of proliferation of the vessel's medial smooth muscle; (iii) targeting vascular cells by stabilizing coronary plaques; and (iv) inducing a therapeutic angiogenesis. During treatment of heart failure, the main effort should be directed to preventing or reducing cardiac remodeling (that is, inhibition of apoptosis, increasing the contractile function of failing myocytes, targeting electrophysiological abnormalities).
Direct intramyocardial delivery. Most investigators believe that there is an advantage of direct intramyocardial injection (Figures 1a-c ) of angiogenic growth factors or genes over the intracoronary delivery method. The direct approach is the desired method for regional myocardial ischemia and focal arrhythmia therapy. Myocardial injection has been attempted successfully with an Ad/VEGF121 transgene in a pig infarction model. Both myocardial perfusion and wall thickening, as assessed by SPECT imaging, were improved 4 weeks after gene transfer. 12 Another study featured a porcine model of chronic myocardial ischemia. It was demonstrated that intramyocardial delivery of Ad/VEGF-C improved 99m Tc SPECT perfusion scan and collateral formation at the site of transfer. 13 In a rat coronaryartery ligation model, the injection of human VEGF165 cDNA in the border zone of myocardial infarction (MI) induced angiogenesis. 14 In a similar ovine study, sheep received 10 intramyocardial injections of a plasmid encoding VEGF165 in the border zone. It was shown that fractional shortening and wall thickening improved in this area as compared with controls. 15 Further studies in the ischemic model (circumflex artery (Cx) artery occlusion) in rabbits revealed that treatment with VEGF165 resulted in significant improvements in fractional shortening and ejection fraction. 16 Echo-guided transthoracic needle intramyocardial delivery of AAV encoding VEGF165 enhanced arteriogenesis and cardiomyocyte viability. 17 At the same time, the study of Grossman et al. 18 demonstrated that a lesser number of neutron-activated microspheres was retained after endomyocardial injections compared with postmortem controls (43% vs 89%). These authors suggest that a substantial proportion of injected material immediately exists in the myocardium after intramuscular delivery.
Briefly summarizing these results, the direct-injection method offers a readily applicable delivery route to produce a highly localized expression of transgenes; however, transduction is restricted to the area surrounding the site of injection. Another significant limitation is that acute inflammatory responses due to injury tend to develop at the injection sites. These subsequently limit the therapy and enable an adaptive immune response against the vector and/or transgene products. Despite these disadvantages, many authors believe that this method is essential in optimizing angiogenesis approaches, as accurate mapping systems can selectively target areas of desired vessel formation. 5, 19 Intrapericardial delivery. This mode of administration offers the advantage of prolonged exposure of the administered gene across a wider area of the targeted surface. This is directly attributed to the reservoir function of the pericardium in retaining the vector post injection. In one study featuring ameroid occlusion of the Cx artery of dogs, Ad/VEGF165 was delivered with this method 10 days after MI. Pericardial expression was found in 2 weeks; however, collateral perfusion did not improve and there was no detectable increase in serum VEGF levels. 20 The application of basic fibroblast growth factor (bFGF) in a rabbit model of chronic myocardial ischemia demonstrated enhanced new epicardial small vessel growth. 21 It was also found that the vascular number was larger in the subepicardial compared with the subendocardial infarcted areas. 13 Although animal studies have supported the feasibility and safety of the intrapericardial delivery approach, such a delivery mode would not be suitable for patients with adhesions after multiple procedures. 22 Peripheral-vein gene delivery. Intravenous bolus injection of bFGF has been ineffective in inducing an angiogenic response in a canine model of myocardial ischemia. 23 This is likely due to first-pass uptake by low-affinity receptors in the lungs resulting in decreased bioavailability for myocardial uptake as a result of the intravenous infusion. 24 Intracavitary gene delivery. Systemic administration of bFGF into the left atrium ( Figure 1d ) in a canine Cx artery occlusion model enhanced the collateral circulation by 21% within a period of 7-14 days post therapy. The regression of collateral development was not noted after withdrawal of treatment. 25 Transvascular intracoronary wall delivery. Localized gene therapy is typically achieved with minimally invasive techniques, which feature endovascular interventions and multiple surgical options. However, vector-mediated gene transfer to the coronary vasculature with these approaches may be limited due to the following anatomical barriers: tunica adventitia, external and internal elastic lamina, smooth muscle cells and tunica intima within the endothelium ( Figure 2 ). The adventitia is an active participant in remodeling and neointimal hyperplasia. 26 The adventitial gene-transfer technique prevents blood-flow interruption, endothelium disruption and also vector leakage into the systemic circulation. 27 Vector delivery in large peripheral arteries can be performed by direct injection into the adventitia during surgery. Biodegradable adventitial collars, gels or aerosolization devices represent the latest approaches in optimizing transfer. 2 The ability to inhibit the proliferation of medial smooth muscle using gene therapy provides the unique opportunity to promote arterial resistance against atherosclerosis and neointimal hyperplasia. 28 A high infusion pressure is required to disrupt the internal elastic membrane in order to effectively transduce smooth muscle cells, which are less accessible from the luminal side. 2 A clinically applicable delivery device must meet the following requirements: (i) provide isolation and exposition of a vascular segment; (ii) maximize diffusion through the endothelium and basement membranes; (iii) result in high-efficiency penetration of the vascular wall while at the same time minimizing escape into the systemic circulation and perivascular space; (iv) minimize or eliminate the risk of vessel dissection or perforation; (v) permit downstream blood flow. 29 To address these requirements, several types of balloon catheters for percutaneous gene delivery were developed. 2,30,31 Double-balloon catheters (Figure 2a) were the first used for vascular gene therapy. This device includes two inflatable balloons separated by an intermediate space, into which the gene therapeutics can be infused through a separate lumen. After infusion, the vector remains in contact with the vessel wall between the proximal and distal occluding balloon. The solution can be withdrawn as required. Goldman et al. 32 studied the effects of distending pressures on the permeability of dog and human arteries after the administration of horseradish peroxidase. Full penetration of the dog's artery media was achieved by the application of 300 mm Hg pressure for 45 s. Another group evaluated gene delivery after adenoviralmediated transfer of a b-galactosidase marker gene into the sheep artery for a 30-min period. Three days later, gene expression was identified in B30% of the luminal endothelial cells within the targeted area. 33 The major disadvantage of these catheters is the requirement for occlusion of vessels for significant periods of time. This in turn increases the risk of ischemia and infarction.
Other catheters have also been used, which feature porous balloons through which the therapeutic is infused under high pressure into the lumen of a single balloon that contains multiple microscopic perforations (Figure 2b ). Upon injection, the vector solution expands the balloon and exits through the pores, and subsequently enters the vessel wall. In a proof-of-concept study featuring this catheter, the successful delivery of heparin to the canine arterial wall was demonstrated. 34 The perforated balloon catheter was also tested with the injection of a retroviral vector containing b-galactosidase into the rabbit aorta. The authors concluded that the practical use of this catheter is limited by the small number of cells that are actually transduced. 35 Besides this striking disadvantage, another more severe consequence is the risk for intimal hemorrhage and distortion of media. 36 Other variants of this catheter type that have been used for gene-therapy applications include hydrogels, where the vector is incorporated into a gel secured onto the surface of the catheter. The important feature, as in others presented, is that they maintain vascular flow during vector delivery. This catheter has been used with plasmid DNA encoding several VEGF isoforms. The results have shown that arterial application of this catheter with angiogenic cytokines achieves stimulation of collateral flow, 37 inhibition of neointimal thickening and the restoration of endothelium-dependent vasomotor reactivity. 38 The next-generation design of this catheter type, which is named Dispatch (Figure 2c) , allows for the capability to save distal blood flow through a central lumen via infusion of a transgene between the artery wall and catheter. Despite exceptional design, long incubation times are required to achieve effective transduction. Furthermore, the overall transduction efficiency has been reported at very low levels (4.8%). 39 The primary advantage of this catheter is the extended incubation time, as it can be inflated in the coronary arteries for a longer period of time, in fact approximately 16 h without inducing myocardial ischemia. 40 Several authors claim that this catheter allows for greater transduction of an adenoviral vector in the endothelial cells (16%) versus smooth muscle cells (0.7%). 41 Unique to the infiltrator catheters (Figure 2d ) is the attempt to enhance transfer by injecting the vector into the vessel wall via micro injection needles. This method decreases the chances of systemic spread of the vector while also enhancing its transfer. It consists of three longitudinal polyurethane pads attached to the balloon with three linear arrays of micro needles positioned on the pads. The needle injection facilitates transgene delivery to the media and the adventitia. 42 None of these devices is ideal, but several of them have been shown to increase the level of transfer across the coronary arteries. The Dispatch catheter permits a 10-min exposure to DNA-liposome complexes of the coronary arteries for patients immediately before stent placement. 43 Despite these successes, however, the authors have now preferred the use of eluting stents (Figure 2e ) over these catheters. The eluting stents represent a promising platform for localized delivery to the vascular wall due to their following advantages: extensive clinical experience in coronary catheterization procedures, safety, permanent scaffold structure and acting as reservoirs for viral vectors without 30, 31, 44, 45 The stent coating is the main functional element, as its role is to provide a barrier between the metallic surface and the blood. Many animal studies have incorporated the use of polymers as stent coatings. Gene delivery from stents has been achieved using cellular techniques. 46 Takahashi et al., 47 in order to alter the vector binding/release kinetics, used a polyurethane emulsion containing plasmid DNA that was implanted in rabbit arteries. The resulting plasmid gene transfer was not confined to the vessel wall at the site of stent implantation, but also appeared in other segments and collateral organs. Sharif et al., in the rabbit model, tested the hypothesis that phosphorylcholine stents can be used with adenovirus or AAV2. They demonstrated prolonged expression up to 28 days in neointimal smooth muscle cells. 45 GFP-mediated plasmid DNA within polyactic-polyglycolic stents was efficiently expressed in cell cultures of the rat aortic smooth muscle cells (7.9% versus 0.6% in control). 48 Application of bisphosphonate stents led to extensive localized Ad/GFP expression in the rat arterial wall. Adenovirus-inducible nitric oxide synthase attached to this stent resulted in inhibition of restenosis. 49 Alternatively, Klugherz et al. 50 hypothesized that site-specific delivery of adenoviral gene vectors from a stent could be achieved through a mechanism involving anti-viral antibody tethering. These antibodies enable the tethering of replication-defective adenoviruses through specific antigen-antibody affinity. It was shown that in pigs coronary arterial wall transduction was 5.9% after 7 days of stent deployment; however, neointimal transduction was more than 17%. 53 experimented with a local intracoronary delivery system, which compared intracoronary bolus infusion and epicardial implantation of an osmotic polymer pump. The study incorporated the use of an ameroid occluder on the porcine Cx. After three VEGF165 administrations by local, intracoronary or extravascular delivery, there was an improvement in the coronary flow in the Cx territory at 3 weeks. They did not observe any differences in efficacy between the three forms of gene delivery. Single intracoronary bolus injection of VEGF165 is capable of significantly augmenting collateral flow to the chronic ischemic myocardium. Animals developed severe prolonged hypotension and exhibited a 50% mortality rate. 54 Also, it was reported in a rat model that VEGF caused a dosedependent reduction in cardiac output with an increase in vascular permeability and vasodilatation. 55 Intracoronary injection of adenovirus encoding human fibroblast growth factor 5 resulted in the improvement in regional myocardial function. The evidence suggested that angiogenesis was achieved in an ameroid constrictor-induced ischemia in the pig model. 56 In another study targeting angiogenesis, rabbits received intracoronary delivery of Ad/bARKct during aortic cross-clamping for 45 s. After 4 days, an infarction was created by acute occlusion of the Cx artery. bARKct expression with this delivery method improved contractility (LV dP/dt max ) and relaxation (LV dP/ dt min ) and decreased end-diastolic pressure compared with control hearts. 57 Direct intracoronary injection of bFGF to infarcted pig myocardium after embolization enhances the number of microvessels in viable and non-viable tissues. 58 In a sheep model with apical MI and mitral regurgitation, percutaneous intracoronary delivery of AAV6/SERCA2a inhibited ventricular remodeling and activated antiapoptotic pathways. 59 Antegrade intracoronary delivery of therapeutic genes is the preferred route for ischemic myocardium; however, the coronary endothelium and additional barriers imposed by the basement membrane restrict transport. This subsequently limits the uptake and subsequent expression. Furthermore, when using this method, one must consider the very short (8-10 s) coronary transit time, the presence of coronary occlusions, the position of coronary catheters to minimize reflux of the delivered agent, anatomical variations and the increased risk of intracoronary dissection. 60 Rajanayagam et al., 61 in the dog model with chronic myocardial ischemia, compared four regimes of bFGF injection: central venous bolus; peripheral intravenous; pericardial instillation; and intracoronary injection. Maximal collateral perfusion (an increase of 430%) was demonstrated in dogs that received long-term intracoronary infusion of bFGF. Administration of bFGF by other routes of injection and in dogs with single intracoronary dose failed to enhance collateral coronary perfusion.
Transvascular retrograde intracoronary sinus delivery. Selective pressure regulated retroinfusion via coronary sinus of FGF2 in a pig model of chronic myocardial ischemia enhanced collateral perfusion compared with antegrade delivery. 62 In addition, various studies have shown that coronary-vein retroinfusion of VEGF165 and NFkB decoy oligonucleotide results in a reduction of myocardial reperfusion injury, postischemic inflammation and infarct size. 63, 64 Heart failure Several genetic modulations are used to treat the underlying pathophysiological processes in heart failure. These include protecting the myocardium by increasing antioxidant gene expression, rescuing failing myocytes by enhancing proangiogenic factors and restoring contractile function. 65 Strong evidence suggests that effective therapy for HF requires a gene delivery method capable of globally transducing the myocardium, a potent multiple-target approach that will work on different cardiac cells and signaling pathways, 66 and one focused on the specific etiology. 67 Direct intramyocardial delivery. Ten pigs underwent intramyocardial injections of Ad/VEGF121 in the LV territory. After 1 week they were paced for 7 days to induce HF. The authors analyzed fractional wall thickening and segmental shortening. The results demonstrated preservation of cardiac performance and recovery after gene transfer. 68 Rengo et al. 69 delivered AAV6/bARKct in HF rats after cryoinfarction. Twelve weeks later, rats demonstrated long-term transgene expression, improved contractility, reversal in LV remodeling and normalization of the neurohormonal status.
Transvascular intracoronary antegrade and retrograde delivery. Percutaneous catheter-based intracoronary delivery is one of the most attractive methods. The benefits of this technique include minimal invasiveness and a possibility of gene transfer to the desired area. High-pressure gene delivery, 70, 71 increasing gene administration up to 10 min 72 and increasing the flow rate of infusion 73 are approaches that have been proposed to improve transduction efficiency. Iwanaga et al. 74 delivered AAV/S16EPLN (phosholamban) in rats with severe HF 5 weeks post MI (ejection fraction B20%). The method also included moderate hypothermia, and cardioplegic arrest with aortic and pulmonary artery cross-clamping. After 6 months, they reported a decrease in left ventricular end diastolic pressure to 3.2 mm Hg (control 13.4 mm Hg) and a significant increase in dP/dt max and dP/dt min. 74 In a volume-overload HF pig study with intracoronary delivery of AAV1/SERCA2a, there was an increase of ejection fraction and +dP/ dt. More importantly, in this study, there was a decrease in LV internal diastolic and systolic diameter. 72 Nonselective intracoronary administration of Ad/SERCA2a through the catheter in the LV resulted in significant improvements in +dP/dt, ÀdP/dt and left ventricular end diastolic pressure. 75 The same technique showed better survival in rats with HF (63% vs 9% in control) and an improved phosphocreatine/ ATP ratio. 76 The delivery of adenyl cyclase into coronary arteries (Ad/ AC6) in a porcine pacing-induced HF model resulted in an improvement in LV function after treatment. 77 Studies conducted with the delivery of the same gene after cross-clamping of the aorta and pulmonary artery during hypothermia led to an improvement in both systolic and diastolic LV function. 78 In another study, transgenic rabbits with ischemic HF received Ad/bARKct by selective intracoronary injection. The authors noted improvement in LV systolic performance. 79 The technique included an adenosine-arrested heart, aortic cross-clamping and injection of Ad/bARKct into the LV apex with the aim to attenuate development of HF after transmural MI. 80 Pleger et al. 81 injected AAV6/S100A1 into the aortic root in a rat model of cryoinfarction. The animal was cooled to 29 1C and the aorta was clamped for 2 min. Functional myocardial recovery was evidenced by a reduction in LV chamber dilatation and cardiac hypertrophy. Two weeks post MI, a lentiviral vector containing the SERCA2 gene was infused into a rat arrested heart during hypothermia along with occlusion of aorta and pulmonary artery. Six months after gene transfer the results indicated SERCA2a expression protected against LV dilatation, and, more importantly, reduced mortality rates. 82 Simultaneous antegrade (LAD artery) and retrograde (great cardiac vein) administration of Ad/ KCNH2 to the infarct border zone eliminated ventricular arrhythmias in a porcine model. 83 Myocardial gene transfer of AAV9/S100A1 in ischemic HF pigs was achieved by a selective retroinfusion catheter in the anterior cardiac vein during LAD artery occlusion. Results showed significant improvement in both systolic and diastolic LV performance compared with HF control groups. 84 Table 1a and b summarizes the benefits and limitations of the above-mentioned strategies.
An ideal animal genetic model is threefold. It should mimic human disease, be easy to reproduce and be suitable for assessment of heart function. Newer technological advances in nuclear cardiology and ultrahigh-resolution ultrasound, micromodifications of conductance and Millar catheters, as well as creation of recombinant viral vectors have removed the barrier in research studies between small and large animal models. However, it should be noted that despite the enhancements in technology, contradictory results remain between rodent and human studies with endothelin receptor antagonists and GFP-related cardiomyopathy. 85 Moreover, a significant difference exists in genetic background, rate of metabolism, neurohormonal activation and basic cardiac physiology (that is, myosin heavy chain isoforms, quantitative balance of Ca 2+ flux and so on) Consequently, this proves that large animals are potentially better-suited gene therapy candidates for preclinical evaluation. 67 
OPTIMIZATION OF GENE-DELIVERY TECHNOLOGIES
There are certain factors to consider when deciding which gene delivery technique is more efficient. Figure 3 lists the technological advances necessary for optimal gene delivery. The following is a description of the procedures currently utilized in cardiovascular research.
Ischemic preconditioning
Several advanced techniques have been used to optimize percutaneous intracoronary catheter delivery and include transient myocardial ischemia with occlusion of various vessels, coronary venous blockade, and aortic and pulmonary artery cross-clamping and so on. 74, 75, 78, [80] [81] [82] 84 Each of these modifications demonstrated an enhancement of gene transduction under brief episodes of ischemia. We will not discuss how these manipulations can be used in the clinical setting. It is clear that ischemic preconditioning shifts cardiac metabolism and promotes the release of a variety of substances such as adenosine, bradykinin and oxygen-derived free radicals into the extracellular fluid, thereby causing pharmacological preconditioning with increasing coronary endothelial permeability. The improvement in expression is concurrent with the increased risk of permanent infarction. 86, 87 Closed-loop recirculatory systems
(1) Cardiopulmonary bypass-based methodology: The feasibility to create an isolated closed-loop system in the large animal model using cardiopulmonary bypass was developed by Bridges et al. 88 This technique integrates a closed retrograde transcoronary sinus delivery system with the creation of a dual-perfusion circuitry, which is very efficient in isolating the cardiac circuit from the systemic circulation (Figure 4a ). 8 It was demonstrated that the scAAV6-mediated model using cardiopulmonary bypass delivery results in global, cardiac-specific LV gene expression compared with intramuscular injection. 89 (2) Catheter-based methodology: A percutaneous cardiac catheterization featuring a closed-loop configuration was developed. It consists of a catheter for coronary artery antegrade gene delivery with collection of the coronary venous effluent. It also includes a support device to prevent coronary sinus collapse (V-Focus) 90 Cardiac gene delivery technologies MG Katz et al ( Figure 4b ). The authors used this system in pacing-induced HF in the sheep. Two weeks after delivery of adenovirus-expressing mutant phospholamban (AdS16E), it was demonstrated that LV ejection fraction had significantly improved (50% vs 27%). There were also reductions in LV filling pressures and end-diastolic diameter. The same group showed that there was an advantage of closed-loop recirculation in direct comparison with antegrade coronary delivery in affecting systolic and diastolic parameters of heart function after delivery of AAV2/1-mediated SERCA2a. 91 However, analysis of the results indicated that usage of V-Focus did not achieve a 'closed loop' system; more than 99% of the injected vector leaked into the systemic circulation. 92 Despite the criticism of these two methods, [92] [93] [94] it should be noted that the creation of a true closed-loop recirculation is undoubtedly one of the most promising systems for gene transfer, providing very high expression levels in the most efficient manner. Moreover, they also provide a unique opportunity to limit systemic exposure, which increases the safety factor.
Retrograde infusion through the coronary sinus. Since Lillehei et al. 95 successfully performed aortic-valve surgery with continuous retrograde coronary sinus perfusion to protect the heart, there has been much interest in retrograde techniques to administer various pharmacological drugs. Retrograde coronary infusion, compared with antegrade, provides a more uniform distribution of agents in the After the tissue has been perfused through the coronary sinus, capillaries join to become arterioles and metarterioles which return blood to the aorta. A capillary net consist of two types of vessels: true capillaries which provide exchange between cells and thoroughfare (shunts) channels which directly connects the arterioles and venules. Precapillary sphincters are rings of smooth muscles at the origin of arterial capillaries that regulate blood flow through a tissue. The advantage of the retrograde delivery is its ability to overcome the resistance of precapillary sphincters proximally located on the arterial side of the capillary bed. Thus, less blood is shunted through the thoroughfare channels into the cardiac chambers.
presence of CAD. To understand how retrograde gene delivery might facilitate efficient transduction, the interrelationship of the coronary venous and arterial anatomy must be considered. The coronary venous system connects with the capillaries mostly through the thebesian vessels ( Figure 5 ). It is known that small molecular-weight substances including viral vectors can transverse the capillary endothelium by several different mechanisms. Retrograde delivery changes the pressure-driving forces (hydrostatic and/or osmotic) and increases capillary filtration pressure, thereby augmenting viral movement (Figure 6a ). In addition, another advantage of this procedure is its ability to overcome the resistance of precapillary sphincters proximally located on the arterial side of the capillary beds. Thus, less blood is shunted through the thoroughfare channels into the cardiac chambers. (Figure 6b) . A main limitation of retrograde injection, however, is the relatively poor perfusion of the right ventricle. Many authors argue that coronary venous infusion allows for prolonged adhesion time of the vector to the cardiac endothelium. This effect directly results in both an increase in endothelial permeability as well as a higher pressure gradient across the interstitial capillaries and venules. As a consequence, this promotes the transfer of macromolecular particles into the interstitium of the heart. 62, 63, 96, 97 Enhancement of transgene expression. Numerous methods have been proposed to enhance transgene expression. These methods can be either physical and/or pharmacological. These methods essentially increase the concentration gradient with modified infusion/perfusion pressure and flow, 73, 88, 94, [96] [97] [98] [99] [100] as well as increase the endothelial permeability via pharmacological agents. 70, 99 Minimizing collateral organ expression. Most recently, designing vectors that selectively target specific cell types are realized via the following strategies: modified cap sequences, increased affinity with cell-specific cased surface legends or the use of tissue-specific promoters. Many authors draw attention to adeno-associated viral vectors owing to their cardiac tropism and their ability to sustain long-term expression without integrating into the host genome. 101, 102 Currently, removing the residual virus from the circulation in order to minimize collateral expression is one of the most difficult challenges. After delivery, virus washout using various pumping devices now is the most utilized approach. 88 3 This is partly due to the lack of safe, efficient and clinically reliable delivery methods. Most recently, several delivery approaches have been designed for the treatment of IHD and heart failure. A number of challenging obstacles must be resolved. Specifically, the creation of sophisticated minimally invasive surgical and catheter-based delivery systems that allow for: (i) precise localization of therapeutic agents; (ii) extended vector-contact time in the coronary circulation via closed-recirculation systems and (iii) minimization of collateral gene expression, which would potentially address the many limitations of existing systems.
